The diverse antigen receptor repertoires of B and T lymphocytes are generated by somatic rearrangement of Ig and TCR V, D, and J gene segments during lymphocyte development. A basic mechanistic understanding of V(D)J recombination reaction is now at hand. The process is initiated by recombinase proteins recombination activating gene (RAG)-1 and RAG-2, which bind to recombination signal sequences (RSSs) that flank Ig and TCR gene segments, recruit a pair of RSSs into a synaptic complex, and generate double strand breaks (DSBs) between the RSSs and coding segments. The reaction is then completed with the additional participation of DSB repair proteins, which help to process and rejoin the coding and signal end molecules to generate coding joints and signal joints, respectively.

V(D)J recombination at the various Ig and TCR loci is highly regulated during lymphocyte development, with lineage- and developmental stage--specific rearrangement events distinguishing individual loci, and even individual gene segments within loci. It has long been appreciated that this developmental regulation cannot be accounted for by the expression of either RAG or DNA repair proteins. It has been noted that transcription of unrearranged gene segments (germline transcription) parallels their developmental activation for V(D)J recombination. Yancopoulos and Alt interpreted this transcriptional activity to reflect a permissive chromatin structure, and on this basis initially proposed that a permissive chromatin structure determines the suitability of particular gene segments as targets for the V(D)J recombinase [1](#R1){ref-type="bib"}. Thus, developmental control of V(D)J recombination would be exerted at the level of gene segment accessibility within chromatin.

Accessibility control has been a tremendously useful concept that has influenced research in this area for quite some time [2](#R2){ref-type="bib"}. However, gaining a molecular understanding of accessibility has been difficult. The accessibility hypothesis received perhaps its strongest confirmation when Stanhope-Baker and Schlissel showed that chromosomal RSSs could be cleaved by introducing exogenous RAG proteins into isolated nuclei in vitro [3](#R3){ref-type="bib"}. The ability of particular RSSs to serve as substrates for RAG was determined by the developmental stage of the cells from which the nuclei were isolated, an indication of developmentally regulated changes in RSS accessibility. In addition, a host of studies have established that transcriptional enhancers and promoters play critical roles in establishing the efficiency, lineage specificity, and developmental stage specificity of V(D)J recombination events [2](#R2){ref-type="bib"}. However, the molecular mechanisms by which promoter and enhancer function translate to accessibility for V(D)J recombination have remained elusive.

Chromatin exists in a highly compacted structure in the eukaryotic nucleus, and it has long been appreciated that this structure poses a barrier to gene expression. The basic unit of chromatin structure is the nucleosome, which is composed of 146 bp of DNA wound around an octamer of core histones [4](#R4){ref-type="bib"}. Although nucleosomes are further organized into higher order structures in chromatin, even the mononucleosome is known to present a barrier to transcription factors. On the basis of recent studies it is clear that mononucleosomes present a barrier to RAG proteins as well [5](#R5){ref-type="bib"} [6](#R6){ref-type="bib"}. How is this barrier overcome?

A posttranslational modification of histones, the acetylation of lysine residues in their amino terminal tails, has received much attention as a regulator of chromatin structure and gene expression [7](#R7){ref-type="bib"} [8](#R8){ref-type="bib"}. This modification reduces the interaction between histones and nucleosomal DNA and also reduces contacts between nucleosomes. Chromatin regions that are transcriptionally active or poised for activation typically contain hyperacetylated histones. Histone hyperacetylation can be targeted to promoters and enhancers by transcriptional coactivators with histone acetyltransferase (HAT) activity, can promote increased transcription factor binding to nucleosomal DNA, and can be a critical step in transcriptional activation. Recent studies have therefore addressed the role of histone acetylation in accessibility for V(D)J recombination.

McMurry and Krangel mapped the acetylation status of histones in the context of both a transgenic V(D)J recombination reporter substrate and the endogenous TCR-α/δ locus, and showed that the TCR δ and α enhancers, previously implicated as developmental regulators of V(D)J recombination, function as long range developmental regulators of histone acetylation [9](#R9){ref-type="bib"}. Moreover, those regions of the loci that were accessible for V(D)J recombination were shown to contain hyperacetylated histones, indicating a tight linkage between accessibility and acetylation status. The TCR-β enhancer has similarly been shown to control V(D)J recombination and acetylation within a defined segment of the TCR-β locus, and incubation of Eβ^−/^− thymocytes with the histone deacetylase (HDAC) inhibitor trichostatin A (TSA) was found to partially rescue V(D)J recombination in this region [10](#R10){ref-type="bib"}. TSA has been used to activate V(D)J recombination in other recent studies as well [11](#R11){ref-type="bib"} [12](#R12){ref-type="bib"} [13](#R13){ref-type="bib"}. However, TSA treatment has the potential for broader effects, and none of the above studies evaluated the extent to which locus acetylation was actually increased by TSA treatment or the step at which V(D)J recombination was rescued.

In this issue, Agata et al. analyze the developmental regulation of Vγ gene segment rearrangement at the TCR-γ locus [14](#R14){ref-type="bib"}. Rearrangement of Vγ3 to Jγ1 occurs in fetal but not adult thymocytes due to a change in the developmental potential of stem cells that seed the thymus [15](#R15){ref-type="bib"}. By contrast, rearrangement of nearby Vγ2 to Jγ1 occurs at low levels in the fetus but predominates in the adult. The authors show that the absence of Vγ3 rearrangement in adult thymocytes is associated with reduced Vγ3 acetylation. They further show that although adult bone marrow cells fail to generate Vγ3^+^ cells in fetal thymus organ culture, they can do so if cultured in the presence of TSA. The appearance of Vγ3^+^ cells is shown to be associated with increases in Vγ3 acetylation, germline transcription, rearrangement, and DSB formation. Thus, TSA appears to promote V(D)J recombination by promoting RAG-mediated cleavage at the Vγ3 RSS, consistent with an effect on Vγ3 accessibility. This strengthens the notion that histone acetylation is a critical regulator of accessibility for V(D)J recombination in vivo.

As the case for histone acetylation builds, it may be asked whether hyperacetylated chromatin is truly sufficient for accessibility to RAG proteins. In addition to the covalent modification of histones by HATs and HDACs, chromatin structure can also be modified by the activity of several ATP-dependent chromatin remodeling complexes [16](#R16){ref-type="bib"} [17](#R17){ref-type="bib"}. These remodeling complexes can create a modified nucleosome conformation with altered histone--DNA interactions, and can promote nucleosome displacement, although their precise mechanism of action is still unclear. HATs and ATP-dependent remodeling complexes cooperate to remodel nucleosomes and to assemble preinitiation complexes at eukaryotic promoters. Do they function similarly in providing accessibility to RAG proteins?

Short DNA fragments containing RSSs have been assembled into mononucleosomes and have been found to serve as poor substrates for RAG-mediated cleavage in vitro [5](#R5){ref-type="bib"} [6](#R6){ref-type="bib"}. However, recent experiments have shown that in the presence of the nonhistone chromosomal protein high mobility group 1 (HMG1), RAG-mediated cleavage can be substantially increased if nucleosomes are assembled from hyperacetylated histones, or if assembled nucleosomes are incubated with the switch/sucrose nonfermenting (SWI/SNF) chromatin remodeling complex [18](#R18){ref-type="bib"}. Together, the effects of acetylation and SWI/SNF increase RSS cleavage to levels approaching that of naked DNA. Hence, these two classes of remodeling events appear to cooperate to provide accessibility for V(D)J recombination. This said, it should be noted that another study failed to detect the effect of acetylation on cleavage of nucleosomal RSSs, and the reason for the discrepancy is not yet clear [6](#R6){ref-type="bib"}. Several additional issues should be considered in evaluating the results of the in vitro experiments. First, it must be remembered that multiple levels of chromatin structure have already been eliminated by the simple nature of the mononucleosomal substrates used in vitro. It will be important to examine the accessibility issue in vitro using more complex chromatinized templates, and under conditions in which cleavage requires synapsis of two RSSs as is the case in vivo. Second, the in vitro experiments are conducted using truncated versions of RAG proteins. Although the core RAG proteins used appear sufficient for basic enzymatic activity, the missing portions could have unappreciated functions that impact access to and cleavage of chromatin-embedded RSSs. Thus we should expect future in vitro studies of accessibility to focus on the use of more complex and more physiological components. As well, we might expect future efforts in vivo to focus on ways to more specifically recruit and manipulate remodeling activities at endogenous loci and in chromatinized V(D)J recombination reporter substrates.

Although the correlation between germline transcription and V(D)J recombination provided the impetus for the accessibility hypothesis, the precise relationships between germline transcription and V(D)J recombination, on the one hand, and germline transcription and accessibility, on the other hand, have remained ambiguous. Does transcription play a causal role in modulating chromatin structure and thereby provide accessibility for V(D)J recombination? Alternatively, are transcription and V(D)J recombination independent consequences of an accessible chromatin structure? As histone acetylation appears to be intimately associated with chromatin remodeling, transcription, and V(D)J recombination, it may be useful to consider the ways in which cis-acting elements establish hyperacetylated regions of chromatin, and the potential implications for the functioning of TCR and Ig loci.

First, acetylation and remodeling may depend on changes in subnuclear localization ([Fig. 1](#F1){ref-type="fig"} a). Active and inactive regions of chromosomes are segregated into distinct regions of interphase nuclei [19](#R19){ref-type="bib"} [20](#R20){ref-type="bib"}. Foci of inactive, centromeric heterochromatin are thought to establish a repressive environment, and specific genes may be recruited into this environment in association with silencing, or may be excluded from this environment in association with activation [21](#R21){ref-type="bib"}. Studies of the human β-globin locus have linked movement away from centromeric heterochromatin to domain-wide increases in locus accessibility and histone acetylation, even in the absence of transcription [22](#R22){ref-type="bib"}. Such changes in localization are under the control of specific cis-acting elements, but the associated domain-wide changes in acetylation may occur nonspecifically due to changes in the concentrations of various factors between repressive and permissive environments. This provides a mechanism whereby accessibility and acetylation may be modulated in the absence of transcription.

Second, acetylation and remodeling may depend on sequence-specific targeting to promoters and enhancers ([Fig. 1](#F1){ref-type="fig"} b). Sequence-specific transcription factors can recruit coactivator HATs and chromatin remodeling complexes to promoters and enhancers and can result in localized hyperacetylation and remodeling that typically extends no farther than a few nucleosomes [23](#R23){ref-type="bib"} [24](#R24){ref-type="bib"}. This remodeling is associated with the assembly of a preinitiation complex and with transcriptional activation, but precedes and can be segregated from transcriptional activation per se [24](#R24){ref-type="bib"} [25](#R25){ref-type="bib"}.

Finally, acetylation and remodeling may depend on transcriptional elongation ([Fig. 1](#F1){ref-type="fig"} c). HATs have been found to be components of elongating RNA Pol II complexes [26](#R26){ref-type="bib"}, and promoter distal chromatin disruption can be a consequence of transcriptional elongation [27](#R27){ref-type="bib"}. Consistent with this, intergenic transcripts that extend across large regions of the human β globin locus have been implicated in chromatin remodeling over a region corresponding to the entire transcription unit [28](#R28){ref-type="bib"}. Whether acetylation is restricted to the promoter or extended across the transcription unit might depend on the nature of the HATs and other factors that are recruited to a particular promoter. Note that the three mechanisms outlined here could operate sequentially and contribute additively to remodeling at a given locus.

With these considerations in mind we can return to accessibility control at TCR and Ig loci. Enhancers have been shown, by themselves, to modulate histone acetylation and chromatin structure [29](#R29){ref-type="bib"} [30](#R30){ref-type="bib"}. However, their effects on accessibility and histone acetylation have been documented over only relatively short distances. Rather, the ability of enhancers to remodel chromatin and provide accessibility to RAG over many kilobases seems to depend on activation of a promoter [31](#R31){ref-type="bib"} [32](#R32){ref-type="bib"} [33](#R33){ref-type="bib"}. Thus, although locus repositioning is likely to play a critical role in locus activation ([Fig. 1](#F1){ref-type="fig"} a), remodeling events related to promoter activation ([Fig. 1b](#F1){ref-type="fig"} and [Fig. c](#F1){ref-type="fig"}) seem to be a key additional requirement for accessibility to RAG. RSSs located in the immediate vicinity of a promoter might be made accessible to RAG due to local effects of recruited HATs and chromatin remodeling complexes ([Fig. 1](#F1){ref-type="fig"} b), without any mechanistic requirement for transcription per se. However, RSSs located at a distance from a promoter (for example, J segment RSSs in [Fig. 1](#F1){ref-type="fig"}) may depend critically on transcription-coupled remodeling ([Fig. 1](#F1){ref-type="fig"} c). Hence, when it comes to germline transcription and V(D)J recombination, we may be able to have it both ways. Germline transcription and V(D)J recombination may be independent consequences of accessibility at some RSSs, whereas accessibility and V(D)J recombination may be consequences of germline transcription at others. It should be kept in mind that the various pathways to acetylation are likely to involve the activities of distinct HATs that modify different lysines in histones H3 or H4 [22](#R22){ref-type="bib"} [30](#R30){ref-type="bib"}. It is not known whether accessibility for RAG reflects a generic chromatin accessibility or might require a specific pattern of acetylation. With continued progress, these and other aspects of chromatin control of V(D)J recombination should become more readily accessible in the near future.
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